The anaerobic membrane bioreactor (AnMBR) is a recent development in high-rate anaerobic bioreactors. This study assessed the treatment of high-strength wastewater by an AnMBR using 
INTRODUCTION
Interest in alternative energy sources due to the increasing cost of non-renewable fuels has made anaerobic treatment an attractive option for high-strength wastewater treatment (Rajeshwari et al. ) . The major advantages of anaerobic digestion over its aerobic counterpart are the production of methane biogas, reduction in sludge production, high organic loading rates (OLRs) due to the absence of oxygen transfer limitations, and energy savings because aeration is not required (Speece ; Liao et al. ; Khanal ) .
Anaerobic digestion degrades organic matter through four stages: hydrolysis, acidogenesis, acetogenesis, and methanogenesis (Speece ; Khanal ) . Methanogenesis is the final step that converts volatile fatty acids (VFAs), H 2 and CO 2 into methane. The methanogenesis step is often the rate-limiting step due to the slow growth rate of methanogens. Failure of methanogenesis can result in VFA accumulation, pH reduction, and eventually system failure (Speece ) . Therefore, the success of anaerobic treatment of wastewater depends on the cultivation of sufficient concentrations of methanogens so that acetogenesis products can be effectively consumed at a balanced rate. In general, effective anaerobic treatment can be achieved by strategies including: the use of a large reactor volume to achieve a long sludge retention time (SRT); the formation of dense methanogen-rich bioactive granules using the upflow sludge blanket reactor design; growing biofilm on the surface of media added to the reactor; or integrating anaerobic digestion with membrane filtration to form an anaerobic membrane bioreactor (AnMBR) system (Liao et al. ; Chang & Hufnagel ) .
The AnMBR is an integrated anaerobic digestion and membrane filtration system. In an AnMBR system, the 95 membrane filtration can act as a physical barrier to retain all the biomass in the reactor system and completely separate the SRT from the hydraulic retention time (HRT). Since a long SRT is usually necessary for the accumulation of the slow-growing methanogens, the separation of SRT from HRT can result in a reduced reactor size. In addition, the membrane filtration can also largely improve the effluent quality of anaerobic treatment due to its ability to completely remove suspended solids and eliminate sludge washout (Ince et al. ; Liao et al. ) .
AnMBRs can be batch-fed or continuously fed depending on the application. Most studies conducted on AnMBRs focused on continuous operation. However, batch operation is still a prevailing operation strategy for most of the conventional complete-mix anaerobic digesters, particularly for small-scale digesters used in the agri-food sector. The development of advanced AnMBR technology has provided a profound opportunity to update these small-scale digesters to achieve improved stability and effluent quality. In this paper, we compared the AnMBR performance using batch and continuous operation, analysed the characteristics of these two operation modes, and assessed the membrane operation in AnMBR systems.
MATERIALS AND METHODS

AnMBR system and operation
A 15 L complete-mix AnMBR system, as shown in Figures 1 and 2, manufactured by GE Water and Process Technologies, Oakville, ON, Canada, was used in this study. The system consisted of a 10 L anaerobic bioreactor and a 5 L external submerged membrane tank. Mixing was performed using a mechanical mixer at 50 rpm. Sludge was recycled from the bottom of the bioreactor to the membrane tank and an overflow line was used to return the sludge from the membrane tank to the bioreactor. A submerged hollow Table 3 . Beer was not added to the feed during the batch feeding start-up period. NaOH was used to adjust the feed pH to maintain the AnMBR pH in the range of 6.5-7.
The AnMBR was briefly switched to continuous feeding at an OLR of 2 g/L/day on day 105 to flush the nutrients before being shut down on day 123 for moving. During the shutdown period, the reactor was maintained under anaerobic condition without heating or feeding. Anaerobic micro-organisms experience a sharp decline in the rate of endogenous decay during starvation and can maintain viability in some cases up to 18 months (Speece ).
Continuous feeding
The AnMBR was converted to continuous feeding operation after 172 days from the starting day. Initially the AnMBR was fed continuously at an OLR of 1 g/L/day with the same wastewater composition as that during batch feeding. Protein and polysaccharide concentrations in the mixed liquor were measured after filtering the samples through 1.5 μm filter paper (GF/F, Whatman, USA) using the Bradford method (Bradford ) and the phenol-sulphuric acid method (Dubois et al. ), respectively. Bovine serum albumin and glucose were used as standard references and the absorbance was taken by a spectrophotometer (DR5000, Hach). Total alkalinity was measured using an automatic titrator (TitraLab 870, Radiometer analytical). Biogas composition (N 2 , CH 4 and CO 2 ) was analysed using gas chromatograph (6890n, Agilent Technologies).
RESULTS AND DISCUSSION
Reactor start-up and batch operation
The AnMBR was operated for 104 days in batch mode with four different OLRs tested over the operation period. was stabilized from day 70 to 100, the MLSS concentration in the reactor was unable to re-establish the stable levels seen prior to the reactor upset.
The stable COD removal and MLSS growth prior to day 51 indicates that a quick start-up of the AnMBR can be achieved using batch feeding. The quick start-up could be attributed to factors including the retention of all microorganisms by the membrane, the good quality of the seeding biomass, and a balanced feed with easily degradable COD (as acetic acid).
Batch operation characteristics
Batch operation is characterized by feeding at a high instantaneous organic loading followed by a continuous degradation of the organics throughout the operation cycle.
A complete analytical test was performed on day 91 to determine the SCOD and VFAs in the reactor throughout an operation cycle ( Figure 5 ). The SCOD was found to reduce at a first-order reaction rate as the cycle progressed but 
Continuous operation
The AnMBR was briefly switched to continuous feeding at an
OLR of 2 g/L/day on day 105 but was shut down on day 123
for moving to a new laboratory. The AnMBR was restarted on day 172 at an OLR 1 gCOD/L/day using the same feed composition as that for the batch operation. The OLR was increased from 1 to 2 gCOD/L/day in about 1 week and a 97.5% COD removal was rapidly established in 10 days at 2 gCOD/L/day after 50 days of system shutdown ( Figure 7) .
A quick start-up after the long-term shutdown is another advantage of AnMBRs. Other bioreactors such as the fluidized bed reactor can experience biomass washout during re-fluidization after long periods of inactivity (Speece ).
Such an advantage of AnMBRs is particularly beneficial for small-scale systems performing seasonal operation.
In addition, the VFA and SCOD concentrations in the effluent with continuous feeding were much lower than Figure 6 | pH change through the operation cycle after NaAc feeding in batch operation. 
Biogas production
The biogas production rate was stable and similar during the period of the batch and continuous feeding operation. The biogas production rate at an OLR of 2 g/L/d was 17.9 ± 1.18 L/day. The methane content in the biogas was deter- The GC measurement showed that the biogas generated from the digester contained around 33% CO 2. The CO 2 content in the biogas bubbles generated in the reactor results in a high dissolved CO 2 concentration in the mixed liquor so sufficient alkalinity is needed to offset the dissolved carbonic acid and maintain the pH near neutral.
In this study, the pH of the feed in batch operation was adjusted using NaOH to maintain the reactor mixed liquor pH at 6.5-7.0. For the batch operation, the alkalinity in the reactor measured on day 21 and day 56 was 3,744.9 mg/L and 3,240.5 mg/L as CaCO 3 , respectively. For continuous operation at OLR 2 gCOD/L/d, the feed pH was adjusted to 5.5 using NaOH and the mixed liquor alkalinity was around 2,500 mg/L as CaCO 3 .
Membrane filtration performance
In this study, the membrane filtration was operated in the constant flux mode. The performance of the membrane fil- 
CONCLUSIONS
This work studied the treatment of synthetic brewery wastewater by AnMBR in batch and continuous operation modes.
The start-up of the AnMBR was completed quickly using batch feeding with proper control of the OLR. Batch operation was proven to be an effective operation mode for OLRs lower than 2 g/L/day, but the treatment capacity of the AnMBR using batch feeding could be limited by the 
